Nitrification is a fundamental component of the global nitrogen cycle and leads to significant fertilizer loss and atmospheric and groundwater pollution. Nitrification rates in acidic soils (pH < 5.5), which comprise 30% of the world's soils, equal or exceed those of neutral soils. Paradoxically, autotrophic ammonia oxidizing bacteria and archaea, which perform the first stage in nitrification, demonstrate little or no growth in suspended liquid culture below pH 6.5, at which ammonia availability is reduced by ionization. Here we report the discovery and cultivation of a chemolithotrophic, obligately acidophilic thaumarchaeal ammonia oxidizer, "Candidatus Nitrosotalea devanaterra," from an acidic agricultural soil. Phylogenetic analysis places the organism within a previously uncultivated thaumarchaeal lineage that has been observed in acidic soils. Growth of the organism is optimal in the pH range 4 to 5 and is restricted to the pH range 4 to 5.5, unlike all previously cultivated ammonia oxidizers. Growth of this organism and associated ammonia oxidation and autotrophy also occur during nitrification in soil at pH 4.5. The discovery of Nitrosotalea devanaterra provides a previously unsuspected explanation for high rates of nitrification in acidic soils, and confirms the vital role that thaumarchaea play in terrestrial nitrogen cycling. Growth at extremely low ammonia concentration (0.18 nM) also challenges accepted views on ammonia uptake and metabolism and indicates novel mechanisms for ammonia oxidation at low pH.
acidophile | nitrification A pproximately 30% of the world's soils are acidic (pH < 5.5), including more than 50% of potential arable land (1) . Although low pH reduces the rates of many soil ecosystem processes, a metastudy of gross nitrification in almost 300 soils showed weak negative correlation with soil pH and some of the highest rates in acid soils (2) . This is paradoxical given the physiology of cultivated soil nitrifiers. Nitrification involves the oxidation of ammonia to nitrite and, subsequently, to nitrate. Ammonia oxidation in soil was traditionally considered to be dominated by autotrophic β-proteobacteria, but most cultivated bacterial ammonia oxidizers do not grow in suspended batch culture below pH 6.5 (3, 4) . This is believed to be through reduced availability of NH 3 (pK a for NH 3 : NH 4 + , 9.25), the substrate for ammonia monooxygenase, which catalyzes conversion of ammonia to hydroxylamine (5, 6) . In addition, in the absence of nitrite oxidation, ammonia oxidizers may be inhibited by nitric and nitrous acids, whose production from nitrite increases under acid conditions, and by generation of nitric oxide and nitrogen dioxide from nitrous acid, which is unstable and reactive at low pH.
Several mechanisms have been proposed to explain this paradox, including pH-neutral microenvironments, urease activity (7, 8) , heterotrophic nitrification (9), biofilm and aggregate formation (10, 11) , and close interactions between ammonifiers and ammonia oxidizers in soil aggregates (12) . These mechanisms are difficult to demonstrate in soil and none fully explains high rates of nitrification in soils with pH less than 5.5. An additional explanation is the existence of acidophilic ammonia oxidizers, but all attempts to isolate such organisms have failed, although an enrichment was obtained at low pH (10) in which aggregate formation was required for ammonia oxidation. Attempts to cultivate acidophilic ammonia oxidizers preceded the discovery of ammonia-oxidizing archaea, which fall within the thaumarchaeal lineage. These organisms appear to contribute significantly to ammonia oxidation in many soils in which thaumarchaeal amoA (ammonia monooxygenase subunit A) genes and transcripts outnumber equivalent bacterial genes (13) (14) (15) (16) (17) . Their activity, relative to that of bacterial ammonia oxidizers, also appears to increase in soil pH transects with decreasing soil pH (13) .
The aim of this study was to determine whether ammonia oxidation in acid soils resulted from the existence of acidophilic thaumarchaea by attempting their enrichment in low-pH, mineral salts medium containing ammonia, following inoculation with acid soil in which thaumarchaea are believed to drive nitrification (13, 14) .
Results
Enrichment of an Obligate Acidophilic Thaumarchaeal Ammonia Oxidizer. To determine whether ammonia oxidation in acid soils was caused by acidophilic autotrophic ammonia oxidizers, we attempted enrichment of acidophilic archaeal ammonia oxidizers by inoculation of several acidic soils into mineral salts medium containing inorganic ammonium and adjusted to pH 4.5. An ammonia oxidizer enrichment culture was successfully obtained from an agricultural soil that had been maintained at pH 4.5 since 1961 and in which ammonia oxidation appears to be dominated by thaumarchaea (14) . The enrichment contained a large number and diversity of heterotrophic "contaminants," and attempts were made to obtain a pure culture by successive subculturing in mineral salts medium, inclusion of streptomycin, and filtration. This led to a highly enriched culture of a thaumarchaeal ammonia oxidizer that is stable, in terms of its physiology and the coenriched bacterial community composition. A pure archaeal culture was also obtained by filtration, but failed to grow in the absence of the cocultured bacteria, and addition of pyruvate did not enable the growth of the organism in pure culture, as reported recently for the cultivation of a neutrophilic ammonia oxidizer from soil (18) . The cultivated archaeal strain grew exponentially in liquid batch culture, as demonstrated by coordinate, exponential increases in nitrite concentration and thaumarchaeal amoA gene abundance, assessed by quantitative PCR (qPCR), and by a decrease in ammonia concentration (Fig. 1) . Cell activity and yield were estimated as 11 fmol·cell spite supply of 500 μM ammonium. Nitrite production and increases in thaumarchaeal amoA abundance were completely inhibited in the presence of 0.01% (10 Pa) acetylene (Fig. S1 ), which is a suicide substrate for ammonia monooxygenase (19) that is commonly used to inhibit autotrophic ammonia oxidation. qPCR provided no evidence of the presence of bacterial ammonia oxidizers (i.e., no amplification of 16S rRNA or amoA genes) or the presence of known nitrite oxidizers.
Ammonia concentration decreased during growth of the enriched culture, but conversion to nitrite was not stoichiometric. This is presumably because of the activity of coenriched bacteria, which could have used ammonia for growth and/or generated ammonium by mineralization of organic nitrogen carried over with the inoculum. The relative abundance of thaumarchaeal and bacterial 16S rRNA genes varied during growth, with bacterial abundance decreasing before thaumarchaeal growth began and remaining constant thereafter (Fig. 1B) ; bacteria presumably used organic carbon from the inoculum. The bacterial community contained organisms closely related to cultivated strains of Burkholderia, Cupriavidus, Bradyrhizobium, Rhizobium, Mesorhizobium, and Elusimicrobium, most of which have been isolated from root nodules and/or have the potential for nitrogen fixation (Table S1 ).
Assuming one amoA gene copy per thaumarchaeal genome (20, 21) and an estimated average of at least three 16S rRNA genes per bacterial genome (Table S1 ), qPCR analysis indicates that the thaumarchaeon represented approximately 90% of the cell abundance present during stationary phase. SEM of independent stationary-phase cultures indicated even greater dominance by small rod-shaped cells (0.33 ± 0.01 μm wide and 0.89 ± 0.05 μm long) with a central indentation and electrondense poles (Fig. 2D ). These cells are morphologically very similar to the thaumarchaeon N. maritimus (22) and are clearly distinguishable from larger bacterial cells that were observed in SEM images of early growth phase cultures, but very rare in SEM images from stationary phase. To confirm the identity of the small rod-shaped cells, FISH analyses were performed by using archaeal and bacterial probes ARCH915 and EUB338, respectively ( Fig. 2 A and B) . The thaumarchaeon dominated cultures and represented more than 99% of all cells entering stationary phase. As observed previously for rod-shaped thaumarchaeal cells (22) , ribosomes were largely concentrated at the poles, with SYBR Green 1 counterstaining revealing localization of the genome at the center and to one side of the cell (Fig. 2C ).
Phylogenetic Analysis and Physiological Characteristics of Enriched
Soil Thaumarchaeon. Phylogenetic analysis of 16S rRNA and amoA genes amplified from the enriched ammonia oxidizer places it within a group 1 lineage (Fig. 3 ) distinct from other cultivated thaumarchaea, with 89.8% and 77.4% identity to the 16S rRNA and amoA genes of N. maritimus, respectively. It does, however, have a relatively deep-branching association with group 1.1a organisms, forming a well supported monophyletic lineage distinct from group 1.1b and the Nitrosocaldus yellowstonii lineage, and is therefore described here as group 1.1a-associated (Fig. 3) . The amoBCxA gene order was identical to that in N. maritimus, and a gene encoding 4-hydroxybutyryl-CoA dehydratase (hcd), a key enzyme and diagnostic of archaeal autotrophy (23), was also present.
The enrichment grew within the temperature range 20 to 30°C, with highest maximum specific growth rate (0.37 d
) at 25°C (Fig. S2) . No or little nitrite was detected after incubation for 28 d at 35°C or at 15°C, despite enrichment from a temperate soil. The influence of pH was investigated by batch growth of the enriched thaumarchaeal ammonia oxidizer in liquid batch culture with initial pH adjusted to 3.5 to 7. Growth was restricted to the pH range 4.0 to 5.5 ( Fig. 4A ) when supplied with 500 μM ammonium, with no detectable changes in nitrite concentration or amoA abundance at pH 3.5 or at pH values greater than 5.5, and the organism may therefore be considered an obligate acidophile. Growth was optimal in the pH range of 4.0 to 5.0, with a maximum specific growth rate of 0.27 ± 0.012
, calculated from exponential increases in 16S rRNA gene abundance and nitrite concentration, respectively. These values are approximately 40% of the reported specific growth rate of 0.65 d −1 reported for N. maritimus (10) . Maximum thaumarchaeal 16S rRNA gene abundance and nitrite concentration were observed at pH 5.0 and the pH response curve was shallow, with specific growth rates greater than 80% of the maximum. Reduced pH is believed to limit growth by reducing ammonia concentration and increasing nitrous/nitric oxide/NO x toxicity (10, 12) . To assess the former, the thaumarchaeal ammonia oxidizer was grown with initial concentrations in the range of 10 μM to 10 mM total ammonium (equivalent to 0.18 nM to 1.8 μM ammonia) at pH 4.5. Surprisingly, specific growth rate measured by nitrite accumulation decreased with increasing ammonium concentration (correlation analysis, P = 0.046) (Fig. 4B) , and no growth was detected at 50 and 100 mM ammonium. Standard batch culture growth was investigated in medium containing 500 μM ammonium, but oxidation of ammonium was never complete. Growth of the enrichment always ceased when nitrite concentration reached approximately 40 μM, and there was evidence of reduced specific growth rate as this concentration was approached (Fig. 1) . To determine whether incomplete growth was caused by nitrite toxicity, the thaumarchaeal enrichment was grown in medium with initial nitrite concentrations of 0 to 40 μM. Growth was reduced at 10 and 20 μM nitrite, and was completely inhibited at 40 μM nitrite (Fig. 4C) .
Autotrophic Growth and Ammonia Oxidation in Acid Soil. To determine the ecological significance of the thaumarchaeal ammonia oxidizer, a stable isotope microcosm experiment was performed in microcosms containing acidic soil (pH 4.5) from which the enrichment was obtained. Microcosms were incubated for 20 d in the presence of 5% (vol/vol) 12 C-or 13 C-CO 2 or 0.01% (vol/vol) acetylene (Fig. 5) . Nitrification occurred in microcosms without acetylene, with increases in nitrate concentration (Fig. 5A ) and thaumarchaeal amoA abundance (Fig. 5B) . Acetylene completely inhibited ammonia oxidation, leading to accumulation of ammonium through mineralization of organic nitrogen, and no change in nitrate concentration (Fig. 5A ). Nitrification and thaumarchaeal growth were accompanied by an increase in the relative intensity of a band in denaturing gradient gel electrophoresis (DGGE) profiles representing phylotype(s) identical to N. devanaterra (Fig. 5C ). This change in DGGE profiles was not observed in microcosms in which nitrification was inhibited by acetylene, in which N. devanaterra-like phylotypes decreased in relative intensity. This was confirmed by quantitative PCR using a group 1.1a-associated specific assay, with N. devanaterra-like amoA genes decreasing to 1.6% of their original abundance after 20 d in the presence of acetylene. This may be a result of reduction in cell integrity in the absence of ammonia oxidation-derived energy, but could also result from predation or phage infection that is not apparent in uninhibited microcosms because of a net increase in cell numbers. This contrasts with growth in liquid culture in which acetylene inhibited growth but cell numbers remained relatively constant. Stable isotope probing provided further evidence for ( Fig. 5D ). Although this approach lacks precision, a difference of 0.04 g·mL −1 would be expected between unlabeled 12 C-and fully labeled 13 C-DNA (24), thus indicating that N. devanaterra grows in soil using mainly inorganic carbon.
Discussion
Previous explanations for the common observation of relatively high rates of nitrification in soil, despite only neutrophilic growth of ammonia oxidizer laboratory isolates in standard laboratory culture, have been difficult to demonstrate in soil. For example, many bacterial ammonia oxidizers have ureolytic activity (25) , which enables growth on urea at low pH (7, 8) , but urea will derive mainly from urine patches in grazed land and is usually converted rapidly to ammonia by extracellular soil enzymes and ureolytic heterotrophs. Ureolytic activity may therefore enable ammonia oxidation only in acid soils under restricted conditions. Other explanations involve growth in biofilms or in multicellular aggregates, and acidophilic growth in such microenvironments is difficult to demonstrate unequivocally. In addition, these explanations are based on physiological characteristics of bacterial ammonia oxidizers, which are often undetectable in acid soils (15, 26, 27) , and predate demonstration of the capacity for ammonia oxidation by thaumarchaea in soil (28) . Here we report the discovery of an obligately acidophilic ammonia oxidizer, Candidatus Nitrosotalea devanaterra, that does not grow at neutral pH, but whose growth and activity at low pH are similar to those of soil bacterial ammonia oxidizer enrichments and isolates at neutral pH. Phylogenetic analysis of 16S rRNA and amoA genes places the organism within the group 1.1a-associated thaumarchaea and we propose the following candidate status:
"Nitrosotalea devanaterra" gen. et sp. nov.
Etymology. Nitrosus (Latin masculine adjective), nitrous; talea (Latin feminine noun), slender rod; devana (Latin), Aberdeen; terra (Latin feminine noun), earth, soil. The name reflects its ability to oxidize ammonia to nitrite, its morphology and its site of origin.
Locality. Acidic agricultural soil, Craibstone, Aberdeen, Scotland, United Kingdom.
Diagnosis.
A chemolithoautotrophic ammonia oxidizer of the kingdom Thaumarchaeota, appearing as straight rods with diameter 0.33 ± 0.01 μm and length 0.89 ± 0.05 μm.
The discovery of Nitrosotalea devanaterra does not exclude a role for bacterial ammonia oxidizers in nitrification in acid soils, nor involvement of urease activity or biofilm and aggregate formation in enabling acidophilic nitrification. It does, however, provide the most parsimonious explanation for ammonia oxidation in acid soils, which is reinforced by the common occurrence of closely related phylotypes in acid soils. This is further reinforced by demonstration of autotrophic ammonia oxidation by closely related phylotypes in acid soil microcosms.
The current inability to eliminate heterotrophs from the N. devanaterra enrichment culture limits the scope of physiological studies, but, in common with other ammonia oxidizers, activity is inhibited by acetylene in liquid and in soil. It is intriguing that many of the coenriched heterotrophs have the potential for nitrogen fixation or are associated with legume root nodules. This suggests a possible commensal or symbiotic association, particularly as their removal prevented growth. However, the enrichment cultivation conditions are unlikely to favor nitrogen fixation, their presence may be fortuitous, and additional enrichments are required to assess the significance of this finding.
Acidophilic ammonia oxidation suggests novel physiological mechanisms in N. devanaterra. Its growth is consistent with the half-saturation constant (K m ) of 133 nM total ammonium reported for N. maritimus (29), but not if measured in terms of ammonia, which is generally assumed to be the substrate for ammonia monooxygenase. Growth occurred at pH 4.5 and 0.18 nM ammonia, and specific growth rate decreased at higher ammonia concentrations, suggesting that this organism has developed potentially novel system(s) for ammonia oxidation, in addition to protective mechanisms enabling acidophilic growth. Further characterization of mechanisms for acidophilic growth and ammonia oxidation are of considerable interest in terms of the physiology and evolution of this lineage, and its discovery may even require reassessment of the paradigm of ammonia, rather than ammonium, being the substrate for the membrane-bound ammonia monooxygenase. Of particular interest will be the location of the active site, i.e., whether it faces outwards into a periplasmic-like space, where it may be significantly influenced by the pH of the external environment.
Growth of N. devanaterra was inhibited by 40 μM nitrite, which, at pH 4.5, is equivalent to 2.53 μM free nitrous acid concentration (HNO 2 ), which is believed to be responsible for inhibition of ammonia oxidation. This concentration is lower than reported K i values, which lie within the range of 12 to 200 μM HNO 2 (30, 31), and may indicate greater sensitivity to nitrous acid. Regardless of the mechanism of inhibition, continued nitrification would require close interactions with acidophilic nitrite oxidizers to relieve nitrous acid-associated inhibition in soil. Coculture with an acidophilic nitrite oxidizer, or other means of removing nitrite, might also enable more extended growth of N. devanaterra (10).
In conclusion, enrichment of an autotrophic, obligately acidophilic ammonia oxidizing thaumarchaeon, commonly found in acid soils, and demonstration of its autotrophic growth in acid soil provide a new and convincing solution to the paradox of nitrification in acid soils. It also suggests novel mechanisms for activity and growth of ammonia oxidizers and, in particular, challenges current paradigms surrounding substrate uptake mechanisms.
Materials and Methods
Cultivation and Growth Experiments. Ammonia oxidizer enrichment cultures were established in 100-mL Duran bottles containing 50 mL of an unbuffered mineral salts medium based on that of Tourna et al. (18) NaFeEDTA, 2 mM NaHCO 3 , 500 μM NH 4 Cl and 50 mg·L −1 streptomycin. The pH of the medium was adjusted to 4.5 with HCl, before filter-sterilization through a 0.22 μm pore size, bottle-top filter. Medium was inoculated (1%, wt/vol) with an agricultural sandy loam soil (Scottish Agricultural College; grid reference NJ872104) (13) . Cultures were incubated at 28°C in the dark and ammonia oxidizer activity and growth were assessed by analysis of inorganic nitrogen and thaumarchaeal 16S rRNA and amoA gene abundance, respectively. All physiology experiments were conducted in triplicate cultures. The effect of ammonia concentration was investigated in medium containing 10, 50, 100, and 500 μM and 1, 5, 10, 50, and 100 mM NH 4 Cl. Inhibition of growth by nitrite was studied in medium containing initial nitrite (i.e., NaNO 2 ) concentrations of 0, 10, 20, and 40 μM. The effects of pH and temperature were investigated by incubating cultures at pH values in the range 3.5 to 7.0 (0.5 pH intervals) and temperatures in the range of 15 to 40°C (5°C intervals), respectively. Incubations with acetylene were performed in 144-mL serum vial bottles containing 50 mL of culture. Bottles were crimp-sealed, and 0.01% acetylene (vol/vol) headspace concentration was established. Bottles were opened at 4-d intervals for sampling and reestablishment of acetylene concentration. Specific growth rate was calculated from log-linear plots of gene abundance or nitrite concentration for individual cultures under a variety of treatments.
Process Measurements. Nitrite and ammonia concentrations were determined colorimetrically (33, 34) . Standards consisted of NaNO 2 (0.781-50 μM) or NH 4 Cl (15.6-500 μM) prepared in mineral salts medium. All reactions and absorbance measurements were performed in clear polystyrene 96-well microplates (Greiner Bio-One) by using a LT-4000 Microplate Reader (Labtech).
qPCR. Thaumarchaeal growth was assessed by changes in abundance of 16S rRNA and amoA genes. DNA was extracted by using a bead-beating protocol with SDS-based buffer, phenol, chloroform, and isoamyl alcohol (35) . DNA precipitation was performed as described previously (35) but with the inclusion of linear acrylamide. qPCR amplification was performed by using a MyIQ real-time PCR detection system (BioRad) with QuantiFast SYBR Green 1 PCR Master Mix (Qiagen). qPCR was performed as previously described (36) by using thaumarchaeal-specific 16S rRNA gene primers 771F and 957R (37) and group 1.1a-associated/N. devanaterra primers 167F (5′-TATCACAATCA-YTGATGCTCGCAGT-3′) and 409R (5′-TCATGTTGAACAWCGACAT-3′) designed in this study by using group 1.1a-associated sequences, and discriminating against other group 1 lineages. qPCR standards for thaumarchaeal 16S rRNA gene and group 1.1a-associated amoA gene assays were a cloned 1.3-kb thaumarchaeal gene sequence and N. devanaterra amoBCxA amplicons, respectively. Bacterial qPCR was performed as described previously (36 Sequence Analyses. Thaumarchaeal 16S rRNA genes were amplified from enrichment culture DNA by using primers A109F (38) and 1492R (13) generating a product approximately 1.3 kb in length. The 3-kb amo gene cluster (containing amoB, amoC, a conserved amo-associated hypothetical ORF, and amoA) was amplified by using primers 616R and amo2.2R (13, 22) , and entire 16S rRNA and amoA gene amplicons were sequenced along both strands. The hcd gene was amplified as described previously (23) . Phylogenetic analyses were performed on both DNA and inferred amino acid sequences using distance (39) , parsimony (39) , maximum-likelihood (40) , and Bayesian methods (41) bacteria, 16S rRNA genes were amplified by using primers 27F and 1492R (42) from DNA extracted from three independent cultures before cloning and transforming into competent Escherichia coli by using standard techniques. Clones were randomly selected from each library and sequenced in one direction, and phylogenetic affiliation inferred through BLASTN searches. DGGE analysis was performed on total thaumarchaeal amoA gene amplicons as described previously (13) .
SEM. Glutaraldehyde-fixed cell suspensions from a stationary culture were applied to glass coverslips coated with poly-L-lysine, allowed to adhere for 5 min, rinsed with water, and postfixed with 1% OsO 4 . Attached cells were then rinsed with distilled H 2 O, dehydrated through a graded ethanol series to absolute ethanol, and critically point-dried with liquid CO 2 . Coverslips were sputtered with Au before examination by using an Evo MA 10 scanning electron microscope (Carl Zeiss).
DOPE-FISH.
Cultures were fixed with paraformaldehyde, and FISH was performed by using doubly labeled oligonucleotide probes (43) using Cy3 doubly labeled probe Arch915 and the FLUOS doubly labeled probe EUB338, respectively. Counterstaining with the nucleic acid-binding dye SYBR Green I revealed a detection rate greater than 99%. Hybridizations were analyzed using a Leica DM500 microscope equipped with a DFC345 FX Peltier-cooled CCD camera (Wetzlar).
Soil Incubation and Stable Isotope Probing. Sandy loam soil (pH 4.5) was sampled from 0 to 10 cm of an agricultural plot subject to yearly crop rotation (most recent crop was potatoes). Soil was sieved and 10 g (30% water; wt/wt) was added to 120-mL serum vial bottles before establishing 5% 12 C-or 13 C-CO 2 headspace concentrations (vol/vol) or 0.01% acetylene (vol/vol) as described previously (28) . Microcosms were established for destructive sampling in triplicate per time point and incubated at 30°C for as long as 20 d. Extracted DNA was subjected to CsCl isopycnic density gradient centrifugation (35) , fractionation, and quantification as described previously (28) , but by using the group 1.1a-associated lineage amoA assay. Ammonia and nitrate concentrations were determined in 1 M KCl extracts (13) .
Statistical Analysis. The effect of treatments on specific growth rate was analyzed by one-way ANOVA and correlation analysis using SigmaPlot, version 11 (Systat Software).
